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PP2A contain a catalytic subunit (PP2Ac) which forms a stable complex with the structural subunit PR65/A. The heterodimer PP2Ac-PR65/A associates with regulatory proteins, termed variable subunits, in order to form trimeric holoenzymes attributed with distinct substrate specificity and targeted to different subcellular compartments. PP2Ac activity can be modulated by reversible phosphorylation on Tyr 307 and methylation on C-terminal Leu 309 . Studies on PP2A have shown that this enzyme may be implicated in the regulation of metabolism, transcription, RNA splicing, translation, differentiation, cell cycle, oncogenic transformation and signal transduction.
Reversible protein phosphorylation has become widely recognized as the most important reaction for the regulation of protein functioning in eukaryotic cells, being involved in switching cellular activities from one state to another and, in this way, regulating gene expression, cellular proliferation, and cell differentiation. It is the major mechanism by which cells respond to extracellular signals such as hormones and growth factors, and control all events at various stages of the cell cycle, as well as the response of the cell to environmental and nutritional stresses [1] . The intracellular phosphorylation level of proteins catalyzed by protein kinases is also regulated via dephosphorylation by protein phosphatases [2] .
Coordinated control of kinases and phosphatases activities provides the cell with a capacity to rapidly switch proteins from the phosphorylated to the dephosphorylated state to meet differing physiological demands. This is perhaps best illustrated during the eukaryotic cell division cycle where decisions to proceed through different stages are made by the timely phosphorylation and dephosphorylation of specific cell cycle regulators. Thus, phosphorylation-dephosphorylation events act as switches or checkpoints ensuring that cell has fulfilled all the requirements needed to proceed to the next cell cycle stage. Errors in checkpoint control form the most prevalent basis for aberrant cell growth and can cause serious developmental consequences for an organism [3] . Therefore, there is an ongoing interest in identifying and characterizing protein kinases and protein phosphatases that modulate the phosphorylation status of proteins. Both groups of enzymes have a significant degree of complexity in structure and are subject to tight regulation. While earlier studies focused on protein kinases, it is now apparent that protein phosphatases play an equally important role in the control of the cellular level of phosphoproteins, but the knowledge about this group of enzymes is relatively limited [4] . From an evolutionary point of view, all protein kinases seem to descend from one primordial gene, whereas protein phosphatases originated from two ancestor genes, one serving as the prototype for the phosphotyrosine phosphatases family (the PTP family), the other for phosphoserine/phosphothreonine phosphatases (the PPP and PPM family) [5, 6] . Apart from distinct substrate specificity those two groups of phosphatases differ in amino-acid sequence, three dimensional structure, the mechanisms of catalysis, and in sensitivity towards a variety of naturally occurring and synthetic inhibitors [5] [6] [7] . The PPP family groups the PP1, PP2A, PP2B, PP4, PP5, PP6 and PP7 enzymes, whereas PP2C and bacterial enzymes like SpoII or PrpC belong to the PPM family [6] .
MULTIMERIC STRUCTURE OF PP2A
Protein phosphatase type 2A (PP2A) is a major serine-threonine protein phosphatase in all eukaryotic cells [4] [5] [6] [7] [8] . PP2A can exist in vivo in a dimeric (PP2A D ) or a trimeric (PP2A T ) form [9] [10] [11] [12] . PP2A D is composed of a 36-kDa catalytic subunit (PP2A C ) tightly bound to the 65 kDa regulatory (PR65/A) constant subunit. These two associated proteins form the core dimer which is able to further interact with a third, variable subunit or other regulatory proteins, as illustrated in Fig. 1 . The PP2A catalytic subunit, present in the a and b isoforms, is encoded by two genes, whose products share 97% identity [13] . Molecular cloning of PP2Ac has revealed that PP2Ac is one of the evolutionarily most conserved proteins. The identity between the human and budding yeast amino-acid sequence of PP2Ac is 86% (for a review see [14] ).
The second component of PP2A core dimer is PR65/A, which also exists in two (a and b) isoforms. PR65/A is composed of 15 tandemly linked leucine rich repeats (HEAT motifs) containing from 39 to 41 amino-acid residues [14] . HEAT motifs can be found in a variety of proteins including huntingtin, elongation factor 2 or the lipid kinase TOR. These motifs are implicated in mediating protein-protein interactions. A single HEAT motif is composed of a pair of antiparalel a helices connected with a short, 1-3 amino-acid intrarepeat loop. In the PR65/A molecule the HEAT repeats are stacked almost parallel to each other, creating an elongated, left handed structure resembling a hook. Interrepeats loops serve as sole joining elements whereas the intrarepeats loops provide a highly hydrophobic surface for protein-protein contacts between PR65/A and both the catalytic and the variable subunits. Therefore the PR65/A subunit serves as a scaffolding molecule to coordinate the assembly of the PP2A holoenzymes, generating functionally diverse heterotrimers [14] .
The variable B subunits are classified into four families of unrelated proteins: the PR55/ B family with four isoforms (a, b, g, d) ; the PR56/61/B¢ family encoded by five genes (a, b, g, d, e) , some transcripts of which undergo alternative splicing to generate up to eleven isoforms, and the PR48/59/72/130/B¢¢ family containing four proteins generated by alternative splicing of a single gene, as well as the product of a closely related gene [7] [8] [9] 11] . The fourth family, PR93/PR110/B¢¢¢, discovered recently by Moreno et al. [15] , comprises of two unrelated proteins encoded by two different genes. Many B subunits are expressed during specific developmental stages and show a tissue specific expression, which creates an additional level of PP2A regulation. The variable regulatory subunits control the activity and specificity of the holoenzyme and target it to different cellular compartments [6, 16] .
To date, in mammalian cells cDNAs have been identified for two PR65/A subunits, two PR65/C subunits, and over twenty B subunits [8, 10] . This suggests the existence of numerous PP2A complexes. The many known PR/B regulatory subunits -including splice variants -theoretically could form more than 50 different trimeric holoenzymes [8] .
FUNCTIONS OF THE VARIABLE REGULATORY SUBUNITS
Members of four unrelated protein families called PR/B, PR/B¢, PR/B¢¢, and PR/B¢¢¢ have been identified in different holoenzyme complexes (Fig. 1) . It has been speculated that each PP2A holoenzyme serves a distinct function.
PR55/B subunits
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PR56/61/B¢ subunits
The regulatory subunits of the PR56/61/B¢ family have different subcellular localization and tissue specificity [21] . Many of PR56/61/ B¢s can be reversibly phosphorylated, which can promote their association with the core dimer and subsequently modulates the phosphatase activity of PP2A. Moreover, the holoenzymes containing some PR56/61/B¢ subunits form complexes with cyclin G, a protein whose expression is regulated by the tumour suppressor p53. Cyclin G forms a complex with B¢a only after induction of synthesis of p53 in p53 temperature-sensitive cell lines. Induction of p53 synthesis by a variety of cellular stresses [21] appears to be required for the formation of this complex [22] . Therefore, the existence of a cross talk between PP2A and p53-mediated pathways has been suggested. These results indicate that the formation of the complex between cyclin G and the PR56/61/B¢a subunit of PP2A is regulated by p53 [23] . Cells overexpressing PR56/61/B¢a are blocked in late G1 phase of the cell cycle.
Another example of the involvement of PR56/61/B¢ containing PP2A holoenzyme in the regulation of cellular processes is the recruitment of this subunit to APC (adenomatous polyposis coli), a component of the Wnt signaling pathway [24] .
It has been suggested that the B¢ subunit may direct PP2A to dephosphorylate a specific component(s) of the signaling complex. The B¢ subunit, but not Ba subunit, regulates the Wnt pathway [25] . The Wnt signaling pathway is described separately.
PR48/59/72/130B¢¢ family subunits PR72/B¢¢ containing holoenzyme is an activator of simian virus 40 (SV40) replication, whereas PP2A containing PR55/B is inhibitory for this process [26] . Recent data suggest that PP2A can be implicated in chromosomal replication, exerting its effect via binding of PR48/B¢¢ to Cdc6, a human replication initiator protein [27] .
Another member of this family, PR59B¢¢, after UV-irradiation was found to associate and dephosphorylate p107, a retinoblastoma-related cell cycle regulatory protein. Dephosphorylation of p107 leads to the expression of DNA damage response genes [28] . Regarding the experimental data, it may be presumed that the PR48/59/72/130/B¢¢ family may be involved in the regulation of the G 1 /S transition [27] .
PR93/PR110/B¢¢¢ subunits
Two calmodulin (CaM) binding proteins, namely striatin and S/G 2 nuclear autoantigen (SG2NA), form stable complexes with the dimeric form of PP2A (PP2A D ). Striatin has been reported to associate with the postsynaptic densities of neurons, whereas SG2NA has been reported to be a nuclear protein expressed primarily during the S and G2 phases of the cell cycle. In addition to CaM and PP2A D , several unidentified proteins stably associate with the striatin-and SG2NA- 
ROLE OF PP2A IN SIGNAL TRANSDUCTION
PP2A is responsible for controlling stimulus activated protein kinases. Upon cell stimulation, specific kinases are transiently phosphorylated and activated. Several of these protein kinases are substrates for PP2A. This phosphatase appears to be a major kinase phosphatase in eukaryotic cells that downregulates activated protein kinases [8] . PP2A controls the activities of several major protein kinase families, in particular protein kinase B (PKB also known as Akt), protein kinase C, p70 S6 kinase, calmodulin dependent kinases, MAP kinases and cyclin-dependent kinases (for a review see [8] ). The RAS-RAF-MEK-ERK/MAP kinase cascade plays a central role in mediating cell-cycle and transcriptional responses of many cell-surface receptors. This pathway is usually only transiently activated, and its constitutive activation is sufficient to cause oncogenic transformation of some cells [34] . PP2A plays a role in the downregulation of the ERK/MAP kinase pathway. PP2A can dephosphorylate and inactivate MEK1 and ERK-family kinases [35] . Expression of SV 40 small-t antigen (which inhibits PP2A) activates MEK1 and ERK, which may explain how small-t antigen promotes transformation [36, 37] .
There are also data which provide a link between apoptosis and the signal transduction pathway involving PP2A and MAP kinase. Caspase-3, the most extensively studied of all caspase family members, has a role in apoptosis [38, 39] . This protease cleaves key enzymes involved in DNA repair, such as poly (ADP-ribose) polymerase and DNA-dependent protein kinase, and renders them inactive. Caspase-3 also cleaves the regulatory subunit PR65/A of protein phosphatase 2A. PR65/A was found to be a substrate for caspase-3 but not for caspase-1 (another caspase family member). The induction of apoptosis activates caspase-3, then causes up-regulation of PP2A activity. The increase in phosphatase activity is carried out by cleavage of the regulatory PR65/A subunit. Then, the activated free catalytic subunit of PP2A dephosphorylates MAP kinase.
PP2A, through interaction with Tap42/a4 (the regulatory component in the rapamycinsensitive TOR signaling pathway), is also involved in the rapamycin-sensitive pathway that connects extracellular stimuli to the initiation of mRNA translation. A protein, a4, that associates constitutively with the catalytic subunit of PP2A, shares 37% homology with Tap42, a S. cerevisiae protein that has been reported to associate with PP2Ac and Sit Vol. 48 Protein phosphatase 2A: variety of forms and diversity of functions 925 phosphatase (yeast phosphatase closely related to PP2A) [40] . The association of a4 with PP2A in the cell is blocked by rapamycin [41] . Therefore, PP2A may participate in the mammalian rapamycin-sensitive pathway. Also another protein, a transcription factor encoded by a homeo box gene (Hox 11), associates with the catalytic subunit of PP2A [42] . This interaction is thought to affect cell cycle progression. PP2A has been shown to interact with the heat shock transcription factor 2 (HSF2) that mediates the stress-induced expression of heat shock protein genes (hsp). HSF2 is also required for normal cell function, even in the absence of stress and is important for cell cycle progression. HSF2, a member of HSF family, interacts with the PR65/A subunit of PP2A. The presence of the regulatory subunits in PP2A holoenzymes limits the activity of the catalytic subunit [43] . Due to the competition between HSF2 and the catalytic subunit for the same binding site on PR65/A, HSF2 binding to PR65/A blocks its interaction with the catalytic subunit. Therefore, overexpression of HSF2 stimulates the PP2A catalytic subunit activity in the cell, indicating the importance of HSF2 as an in vivo regulator of PP2A. These results identify HSF2 as a dual function protein, capable of regulating both hsp expression and PP2A activity. This could function as a mechanism by which hsp expression is integrated with the control of cell division or other PP2A regulated pathways [44] .
The translation termination factor eRF1 (eukaryotic release factor 1) has been found in the polysomal fraction complexed with PP2A. Thus, eRF1 appears to represent a novel PP2A-targeting subunit that may serve to bring the phosphatase into contact with putative ribosomal targets among the components of the translational apparatus [45, 46] . Recently, PP2A was shown to participate in degradation of b-catenin, thus regulating Wnt-b-catenin signaling. The adenomatous polyposis coli (APC) protein, axin and glycogen synthase kinase 3b form a Wnt-regulated signaling complex that mediates the phosphorylation-dependent degradation of b-catenin [25] . Dysregulation of Wnt-b-catenin signaling disrupts axis formation in vertebrate embryos and underlies multiple human malignancies including colon, skin and liver cancers. The Wnt-regulated signaling complex mediates the phosphorylation-dependent degradation of b-catenin, which activates transcription of genes responsible for growth and development. b-Catenin binds the signaling complex, where it is phosphorylated by glycogen synthase kinase 3b (GSK3b). This phosphorylation results in the ubiquitin-mediated proteasomal degradation of b-catenin (Fig. 2) . Wnt signaling leads to inactivation of GSK3b which results in the accumulation of b-catenin In the absence of Wnt/wg the proteins GSK3b, APC and axin associated and phosphorylate b-catenin. This phosphorylation targets b-catenin for ubiquitination followed by proteasome degradation. In the presence of Wnt/wg degradation of b-catenin is blocked, leading to its accumulation. b-Catenin is a coactivator for the transcription factor TCF/LEF-1 [47] . Most probably, during the Wnt/wg signalling PR56/61/B¢ regulatory subunit direct PP2A to dephosphorylate specific components of the APC-dependent signalling complex and thereby inhibit Wnt signalling [24, 25] .
and activates transcription. The role of PP2A in the regulation of Wnt signaling is not completely explained, since at least three proteins appear to be controlled by reversible phosphorylation; namely, GSK3b, axin and b-catenin. Recent evidence suggests that PP2A specifically inhibits Wnt signaling and appears to be essential for b-catenin degradation, since b-catenin degradation could be reconstituted in phosphatase-depleted Xenopus egg extracts by PP2A, but not PP1 [24] . Moreover, expression of PR56/61/B¢reduces the abundance of b-catenin and inhibits transcription of b-catenin target genes [25] . It has been suggested that PR56/61/B¢ may direct PP2A to dephosphorylate a specific component of the APC-dependent signaling complex and play a role in development and carcinogenesis [24, 25] .
THE ROLE OF PP2A IN CARCINOGENESIS
The disfunction of PP2A leads to severe consequences on cell metabolism and viability. Mice lacking PP2Aca (created with the knock-out technology) die during early stages of embryogenesis, whereas mice lacking the b isoform of PP2A appear to be normal. Embryonic lethality is probably a result of cell adhesion defects caused by insufficient level of proteins associated with membranes [48] . Several pieces of evidence indicate that perturbation of PP2A C activity are implicated in carcinogenesis. Inhibition of PP2A activity by inhibitors like okadaic acid, calyculin A, microcistins and nodularins induces many types of cancer [49] . Contrary to that, fostriecin the potential anticancer agent inhibitor of topoisomerase II which blocks proliferation of mammalian cells, inhibits PP2A activity [50] . Moreover, the mutations of the PR65b/Ab genes were found in such cases as lung and colon tumors, melanomas and breast cancers [51, 52] . For example one deletion mutation generated a truncated PR65b/Ab protein that was unable to bind catalytic subunit of the PP2A holoenzyme.
The above data indicate that PP2A plays a role in tumor development.
ROLE OF PP2A IN CELL CYCLE PROGRESSION
Cell cycle progression is controlled by cyclin-dependent protein kinases (Cdk)-cyclin complexes. Cdks activities are regulated by reversible phosphorylation [53] . Several studies have reported a role for PP2A in the G2/M transition, in particular, in negatively regulating Cdc2 protein kinase, which forms a complex with cyclin B [54] . Cdc2 activity is dependent on Thr 161 phosphorylation, and PP2A seems to be the phosphatase involved in its dephosphorylation and inactivation. There are two other important phosphorylation sites on Cdc2: Thr 14 and Tyr 15 and their status is controlled by Wee1 kinase and cdc25 dual-specificity phosphatase. PP2A also inactivates Cdc2 indirectly by two mechanisms: activation of Wee1 kinase and inactivation of the dual-specificity phosphatase Cdc25 (Fig. 3) .
CELLULAR REGULATION OF PP2A ACTIVITY
PP2A plays many different functions and therefore is subjected to multi-level tight regulation. PP2A is regulated on the levels of translation of mRNA coding for PP2Ac, posttranslational modifications of the catalytic subunit of PP2A, and protein-protein interactions. Many cellular and viral proteins are able to interact with PP2A. Apart from a number of protein kinases, substrates of the phosphatase (see above Role of PP2A in signal transduction), the PP2A interacting proteins play a role in the modulation of activity and specificity of the phosphatase and some other Vol. 48 Protein phosphatase 2A: variety of forms and diversity of functions 927
proteins and in organization of high molecular mass complexes (Table 1 and ref. [8] ).
Auto-inhibitory effects on translation of PP2Ac
PP2A is constitutively expressed in eukaryotic cells [13] . A pool of PP2A (1-2% of total PP2A) is associated with the polysomal fraction via interaction with the release factor 1 (eRF1) [45] . Human eRF1 has been shown to interact specifically with PP2Ac but not with the PR65/A or PR55/B subunits.
PP2Ac level can be regulated in vivo via a mechanism involving auto-inhibition during translation [62] . Presumably, PP2A dephosphorylates a specific phosphoprotein(s) from the translational apparatus leading to the inhibition of the enzyme synthesis. The autoinhibitory mechanism of PP2Ac synthesis explains the difficulties in obtaining overexpression of this protein [63] . It is therefore conceivable that the expression of PP2Ac is precisely regulated in order to ensure a constant amount of the PP2A protein, which may constitute an essential component of cellular signaling.
Post-translation modifications of PP2Ac
Another level of regulation of PP2A activity involves post-translational modifications of the C-terminal part of PP2Ac. The C-terminal part of PP2Ac is highly conserved among eukaryotes and may provide an important regulatory function.
Phosphorylation of tyrosine 307 by a variety of cellular and oncogenic tyrosine kinases inhibits PP2A activity.
Transient phosphorylation of Tyr 307 can be carried out by receptor and nonreceptor tyrosine kinases like Lyn, Fyn, Jak2, Src [64] . The most likely explanation for this observation is that at the beginning of signal processing many receptor and non-receptor kinases are activated, which results in massive phosphorylation of transducing proteins and therefore phosphatases should be temporally inactivated to let the signal pass from the receptors to cellular efectors. Moreover, PP2Ac is also phosphorylated by serine/theronine protein kinases [65] . The extensive phosphorylation of serine and threonine residues of PP2Ac, like the phosphorylation of Tyr 307, has an inhibitory effect on the enzyme activity. PP2A is capable of carrying out autodephosphorylation of phosphoserine and phosphotreonine [65] .
Additionally, the C-terminal residue of the catalytic subunit, Leu 309, undergoes methylation. It has been shown that methylation is holoenzyme-specific and cell-cycle dependent [66] . Two enzymes are involved in this process, protein methyltransferase type IV and protein methylesterase (PME-1). Inactivation of the methyltransferase completely blocks PP2A T formation, which indicates that PP2Ac methylation is the trigger for dimer-trimer PP2A negatively regulates progression through mitosis by direct inactivation of Cdc2 (dephosphorylation of threonine 161). The indirect effect of PP2A on Cdc2 is through the activation of the Wee1 kinase and inactivation of the Cdc25 phosphatase. Phosphorylation by the dual specificity Wee1 kinase as well as lack of dephosphorylation by the dual specificity Cdc25 phosphatase blocks Cdc2 activity.
conversion [67] . Also it is the evidence for an interrelationship between PP2Ac carboxymethylation and PP2Ac holoenzyme assembly.
CONCLUDING REMARKS
Four families of variable subunits plus a number of associating proteins able to bind PP2A D have been identified, but only for some of those proteins a function in PP2A complexes was clearly shown. A possible strategy to uncover the function of the variable subunits is to methodically knock out the genes encoding them and assay the phenotypes of transgenic animals. The fundamental question in signal transduction of how the functions of protein kinases and protein phosphatases are coordinated is still partially answered. Work of many laboratories provided substantial evidence to support the hypothesis of " targeting subunits" of Cohen and Hubbard [68] . Most probably, in a living cell both protein kinases and protein phosphatases form high molecular complexes with scaffold proteins, which enable those enzymes to stay close enough to each other to have an effect on their counterpart. PP2A has been implicated in many different functions of a living cell, including cell cycle progression and oncogenic transformation. PP2A is essential for cell viability and therefore is tightly regulated on the translational level, by post-translation modifications, and by protein-protein interactions.
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